The impact of coronary computed tomographic angiography (CTA) on management of anomalous origin of the coronary artery arising from the opposite sinus (ACAOS) remains uncertain. We examined the prevalence, anatomical characterization, and outcomes of ACAOS patients undergoing CTA.
Introduction
Anomalous origin of the coronary artery arising from the opposite sinus (ACAOS) has variable presentations ranging from a benign, incidental finding to sudden cardiac death (SCD). 1 Coronary computed tomographic angiography (CTA) provides an accurate, noninvasive technique to assess anomalous coronary artery origin, course, destination, luminal narrowing, relationship to surrounding structures and coronary artery disease (CAD). 2 To date, limited data exist regarding the extent to which CTA features may impact management. Additionally, prior evidence has suggested that subclinical ischaemia may persist following revascularization for interarterial anomalous right coronary artery (ARCA) and anomalous left coronary artery (ALCA). 3 With uncertainty regarding the ideal management of these ACAOS subtypes, there exists a growing need to examine the potential impact of CTA-identified ACAOS features on patient management and outcomes. We therefore aimed to evaluate (i) the prevalence of ACAOS among patients referred for clinical CTA at two tertiary referral centres, (ii) CTA-identified ACAOS features and their association with coronary revascularization, and (iii) the incidence of symptoms and ischaemia in the subset of patients without obstructive coronary artery disease undergoing ARCA revascularization.
Methods

Study population
The initial population consisted of 5991 consecutive patients who underwent contrast-enhanced coronary CTA between January 2004 and June 2014 at Brigham and Women's Hospital or Massachusetts General Hospital. From this population, we identified 129 patients with ≥1 ACAOS vessel with the following course subtypes: prepulmonic, subpulmonic, interarterial, retroaortic, and retrocardiac. Attention was given in distinguishing the subpulmonic course subtype with a course below the pulmonic valve, and an interarterial subtype with a course at or above the pulmonic valve ( Figure 1 ). To examine the potential impact of CTA findings on management with correlation to native ACAOS features, we excluded patients with prior ACAOS revascularization (n ¼ 20) or complex congenital heart disease including tetralogy of Fallot (n ¼ 2) and transposition of the great arteries (n ¼ 4). The final cohort consisted of 103 patients with ≥1 ACAOS vessel ( Figure 2 ). The study was approved by the Partners Healthcare Institutional Review Board and was conducted in accordance with institutional guidelines.
Clinical information
Baseline demographics, clinical history, results of prior cardiac testing, symptoms, and indications for CTA were collected by a review of electronic medical records, including physician notes and procedures. A history of known CAD was defined as prior percutaneous coronary intervention, coronary artery bypass grafting (CABG), or myocardial infarction (MI). 4 Prior aborted SCD was defined as resuscitated nontraumatic and unexpected sudden death that may occur from cardiac arrest within 6 h of a previously normal state of health, 5, 6 and without another known cardiovascular (CV) abnormality, excluding respiratory, cerebrovascular, and drug-related causes. Follow-up symptom status and results of cardiac testing were collected by a review of electronic medical records. Consistent with prior studies, 3 symptoms were considered CV in origin if they included the following: chest pain, presyncope or syncope provoked by exertion, or if the patient experienced aborted SCD. To ensure that cardiac testing and events outside of our healthcare network were captured, a standardized questionnaire was mailed to each patient. In addition, patients had the option to complete a web-based version of the questionnaire via the Research Electronic Data Capture system, 8 which is encrypted, secure, and Health Insurance Portability and Accountability Act compliant. For patients who did not reply to the questionnaire on repeated mailings, scripted phone interviews were performed based on the questionnaire. All self-reported events were verified via outside medical record review by two cardiologists blinded to coronary CTA results, with discordant events adjudicated by consensus. Clinical follow-up information was available for 93% of patients (n ¼ 96/103) included in the present study. of the vessel at the most narrowed proximal location and the distal reference using the smallest available slice thickness (0.5 -0.625 mm isotropic resolution). *Centreline length of vessel narrowing shown in double oblique and curved multiplanar views extending from (a) ACAOS vessel takeoff to (b) normal calibre distal reference. ACAOS, anomalous origin of the coronary artery arising from the opposite cusp. (B) Intramural location and take-off angles obtained in multiplanar axial reconstructions at the level of the ACAOS ostium using the smallest available slice thickness (0.5 -0.625 mm). Vessel take-off level (above/below commissure) shown in 3D reformatted image.
Cardiovascular outcomes
All patient charts and vital status were reviewed by two cardiologists blinded to test findings for the adjudication of CV events by previously described methods. 4 Non-fatal MI was defined using universal criteria. 9 Incident coronary revascularization of ACAOS vessels was recorded as percutaneous coronary intervention, CABG, coronary unroofing (including modified unroofing and neo-ostia formation), or reimplantation. Surgical outcomes for each patient undergoing ACAOS revascularization were reviewed to ascertain death from any cause or surgical complications. Surgical complications consisted of any significant event requiring a therapeutic intervention during the index hospitalization. Deaths were considered to be of CV origin if the primary cause was acute MI, atherosclerotic coronary disease, congestive heart failure, valvular heart disease, arrhythmic origin, stroke, or sudden death of unknown cause. 10 
Ischaemic testing
When performed, results of ischaemic testing were interpreted by experienced cardiologists as part of the patient's clinical care. Exercise treadmill testing (ETT) utilized a symptom-limited Bruce protocol, 11 and results were categorized as positive, negative, or inconclusive by previously described methods. 12 Single photon emission computed tomography, positron emission tomography, and stress magnetic resonance imaging (MRI) were performed and interpreted according to standard guidelines using a semi-quantitative scale and a 17-segment model for the presence and severity of reversible perfusion defects. 13 -15 Exercise stress echocardiography reporting was performed by 17-segment analysis of regional wall motion abnormalities by standard criteria. 16 Coronary CTA
All scans were performed using contrast-enhanced ≥64-slice multidetector CT according to established guidelines. 17 Images were reconstructed in multiphase data sets and interpreted by Level III trained cardiologists or radiologists as described previously. 4 Using an 18-segment model, each coronary segment with a .1.5 mm diameter was visualized by axial and multiplanar reformations for the presence of coronary atherosclerotic plaque and stenosis by visual grading defined as: normal (no plaque and no stenosis), non-obstructive (1 -49% stenosis), or obstructive (≥50% stenosis). For the purposes of the current study, in order to avoid bias and ensure consistency of measurements, all CTA studies were re-read blinded to clinical data and patient outcomes for the following ACAOS features (Figures 3 -5 ):
(1) Minimum and maximum diameters ( Figure 3A) : at the most narrowed location and the normal distal reference segment, used to categorize proximal vessel morphology as: (i) normal, (ii) 'oval' (,50%), and (iii) 'slit-like' narrowing (≥50% reduction in minimum diameter in the absence of coronary artery disease). 18, 19 (2) Length of narrowing: centreline length of vessel narrowing extending from the most proximal segment to the normal calibre distal reference ( Figure 3A ). (3) Acute angle: defined as the presence or absence of acute angle take-off ,458 between (a) the plane formed by the ostium centre to a point 5 mm along the vessel centreline, and (b) a plane tangent to the aorta in multiplanar axial reconstruction at the level of the ACAOS ostium 19, 20 ( Figure 3B ).
(4) Intramural course: defined as (i) present, (ii) absent, or (iii) indeterminate. Consistent with prior research, an intramural course (i.e. within the aortic wall) was suspected in cases with (a) proximal vessel narrowing, 21 (b) acute take-off (,458), 21 and (c) separate ostium of the vessel from the aorta. 22 We also incorporated direct visualization of the vessel within the aortic wall (optimized by window width/level ≈ 1000/300), and the absence of adjacent epicardial fat (tissue region of interest mean signal ,230 Hounsfield Units) ( Figure 3B ). as noted by the Congenital Heart Surgeons' Society registry, 23 which described the frequent occurrence of ALCA/ARCA take-off at or above the aortic commissure in 88% of cases undergoing revascularization ( Figure 3B and Figure 4 ). (6) Ostia type: defined as (i) separate, (ii) shared, or (iii) branch vessel ( Figure 5 ). This feature has importance in surgical planning, as patients with ARCA and a separate ostium from the aorta are more likely to have an intramural course.
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Statistical analysis
Continuous variables with normal distributions are expressed as mean + 1 SD and compared with Student's t-test for independent groups and one-way analysis of variance for between-group comparisons. Continuous variables with non-normal distributions are expressed as median + interquartile range (IQR) and compared with the Wilcoxon rank-sum.
Categorical variables are expressed as frequencies (%) and compared by the Pearson x 2 test. Receiver operating characteristic (ROC) analysis was performed to determine the optimal cut-off for ACAOS length of narrowing to discriminate between patients who were treated with subsequent revascularization from those without revascularization. Logistic regression analysis was performed to determine ACAOS features associated with revascularization after CTA, adjusted for CTA-identified obstructive CAD. Statistical analysis was performed using Stata (Version 12.1, Statacorp, TX), and a two-tailed P-value of ,0.05 was considered significant.
Results
Baseline characteristics
The study population consisted of 103 patients with 110 ACAOS vessels (per-patient prevalence 1.7% on CTA), including 7
Figure 5 ACAOS course subtype stratified by the prevalence of CTA-identified ostia type. Note the most common take-off of an interarterial ARCA is a separate ostia. *Note here that numbers do not add to 100% given indeterminate take-offs resulting from a bioprosthetic valve limiting take-off visualization in one patient with interarterial ARCA, and misalignment artefact in one patient with a retroaortic left circumflex. Subtype images obtained by multiplanar axial reconstructions at the level of the ACAOS ostium using the smallest available slice thickness (0.5-0.625 mm).
patients with multiple ACAOS. Fifty-seven patients (55%) had previously known ACAOS, including 45 (44%) identified on prior invasive angiography and 12 (11%) recognized on prior transthoracic echocardiography (n ¼ 4) or cardiac MRI (n ¼ 8). In these cases, ACAOS were known prior to CTA for a median of 5 days (IQR: 2 -27.5 days). When excluding the 57 patients (55%) with previously known ACAOS, the per-patient prevalence of ACAOS on CTA was 0.8%. Baseline patient characteristics are shown in Table 1 , stratified by ACAOS revascularization (n ¼ 20, 19%) vs. no revascularization (n ¼ 83, 81%). Mean age of the study population was 52 + 17 years (5 -83, 63% male). Patients referred for ACAOS revascularization were more likely to have known CAD, hyperlipidaemia, known ACAOS prior to CTA, prior invasive angiography, and prior aborted SCD or CV symptoms (all P , 0.05) ( Table 1) . The majority of patients had symptoms (83% of cohort), including 95% (n ¼ 19/20) of those referred for ACAOS revascularization.
CTA findings
CTA-identified ACAOS subtypes and their prevalence are demonstrated in Figure 6 . Out of 110 ACAOS vessels, there were 43 interarterial (39%; 40 ARCA, 3 ALCA), 42 (38%) retroaortic, 17 (15%) subpulmonic, 6 (5%) prepulmonic, 1 retrocardiac, and 1 other course subtype in a patient with anomalous RCA arising from the non-coronary cusp. The age distribution of ACAOS patients at the time of CTA is shown in Supplementary data online, Figure S1 , stratified by interarterial vs. other course subtypes. CTA results are shown in Table 2 stratified by ACAOS revascularization. Patients referred for revascularization were more likely to have an interarterial course, proximal vessel narrowing, and more severe CAD (all P , 0.05). Excluding patients with obstructive CAD, ROC analysis identified a length of narrowing ≥5.4 mm (sensitivity 83%, specificity 74%) as the optimal cut-off to discriminate patients who were treated with ACAOS revascularization. After adjusting for obstructive CAD, baseline variables associated with ACAOS revascularization included the following: CV symptoms, 'slit-like' proximal narrowing, length of narrowing .5.4 mm, and an interarterial course ( Table 3) .
Patient outcomes
Over a median follow-up of 5.8 years (IQR: 3.8 -7.8), there were 20 surgical ACAOS revascularizations and 7 deaths (4 noncardiac, 3 CV) ( Figure 7) . No ACAOS revascularizations were performed in the patients who died (n ¼ 4 retroaortic left circumflex, n ¼ 3 interarterial ARCA patients). CV death occurred in two patients with an interarterial ARCA attributed to non-ischaemic cardiomyopathy (n ¼ 1, at age 86 years) and severe aortic stenosis (n ¼ 1, at age 86 years). There was 1 CV death in an 18-year-old female with a retroaortic left circumflex artery attributed to complications from aortic stenosis during pregnancy. Though our study was underpowered for hard outcome comparisons, there was no significant difference in all-cause mortality between patients with vs. without ACAOS revascularization (P ¼ 0.17 between groups). No patients experienced sudden unexplained death or MI in follow-up.
Among 20 patients referred for ACAOS revascularization, 13 patients underwent CABG including 7 patients with obstructive CAD. In addition, 7 patients with an interarterial ARCA and no obstructive CAD underwent unroofing (n ¼ 2) or reimplantation (n ¼ 5). The 13 patients who underwent CABG had a mean age of 60 + 7 years (range: 51 -78 years) and were significantly older than the patients who underwent unroofing or reimplantation (mean age 36 + 12 years; range: 13-52 years; P , 0.001).
Among patients undergoing ACAOS revascularization, there were no deaths related to surgery or during follow-up. One patient experienced post-operative transient vision loss without permanent sequelae. Remaining surgical complications were mild, including post-operative pericarditis (n ¼ 5), coronary spasm (n ¼ 2), anaemia requiring transfusion (n ¼ 1), atrial fibrillation (n ¼ 1), and acute kidney injury (n ¼ 1).
In light of prior evidence suggesting subclinical ischaemia may persist following revascularization for interarterial ARCA, 3 the subset of ARCA patients with no obstructive CAD referred for revascularization were examined for symptom status and ischaemic test results pre-and post-revascularization ( Table 4) . When ischaemic testing was performed, the majority of ARCA patients referred for revascularization had evidence of ischaemia (n ¼ 7), and symptoms (n ¼ 9) or prior aborted SCD (n ¼ 2). After ARCA revascularization, no patients with follow-up testing demonstrated ischaemia, and no patients experienced CV symptoms. Additionally, two patients with dyspnoea undergoing aortic valve replacement had concomitant CABG for a subpulmonic left main coronary artery ( Table 4) .
Discussion
The main findings of this study are as follows: (i) among patients referred for CTA, the prevalence of ACAOS was 1.7%; (ii) hard event rates were low with 3 CV deaths over 5.8-year follow-up, while 20 patients underwent ACAOS revascularization primarily attributed to CV symptoms, proximal ACAOS narrowing and/or obstructive CAD; and (iii) CTA-enabled detailed characterization of ACAOS vessels as well as features associated with subsequent revascularization. By comparison with prior research, 18,19,24 -26 our study is among the largest to examine the prevalence and outcomes of patients with ACAOS undergoing CTA, and to our knowledge provides the longest follow-up after CTA. In comparison with prior studies, we performed the most detailed evaluation of CTA-identified ACAOS features and provide a novel association of these features with ACAOS revascularization. Additionally, we examined data regarding the presence and severity of myocardial ischaemia before and after interarterial ARCA revascularization-a subset of patients with the most uncertainty regarding their management. death. 6, 27, 28 Despite a consistent finding that the relative risk of SCD is increased in patients with ARCA/ALCA, the absolute risk of SCD in these patients remains undefined. Furthermore, available data on the optimal management of ARCA/ALCA remain limited amid the variety of reported mechanisms for sudden death, ischaemia, and symptoms in ACAOS patients. 29 Consequently, the absence of ischaemia and symptoms is not necessarily protective for the incidence of sudden death. 1 Indeed, large autopsy studies have demonstrated that up to 50% of patients with anomalous coronary arteries have no reported symptoms prior to SCD. 30 Recently, the potential to identify 'high-risk' ACAOS anatomical features with CTA has generated interest in the use of non-invasive imaging to risk stratify patients and guide management. As a robust non-invasive test to image coronary arteries, CTA offers detailed characterization of ACAOS features with high spatial and temporal resolution. In comparison with CTA, magnetic resonance angiography (MRA) avoids radiation and iodinated contrast exposure, at the expense of lower spatial resolution. Consequently, guidelines provide a Class I recommendation for CTA or MRA for imaging of ACAOS vessels-where the preference for either test depends on local expertise. 1 Supporting the importance of the CTA to characterize ACAOS features in our study, we found that coronary revascularization was associated with CTA-identified 'slit-like' proximal vessel narrowing, length of narrowing .5.4 mm, and an interarterial course. Additionally, the frequency of an intramural course was increased among patients referred for revascularization compared with no revascularization (60 vs 23%, P ¼ 0.004). These findings extend prior research demonstrating a high correlation of CTA use to identify an intramural course with direct anatomical confirmation at the time of surgical ACAOS revascularization. 31 In addition, consistent with prior data demonstrating a correlation of symptoms with an intramural length of .5 mm, 31 we found a significant association between a length of narrowing .5.4 mm and subsequent ACAOS revascularization. Consequently, our findings support that CTA offers the ability to non-invasively characterize ACAOS features (e.g., intramural course and severity of proximal luminal narrowing) that were previously only available with invasive techniques such as intravascular ultrasound. 29 Importantly, invasive coronary angiography (ICA) has well-known limitations in characterizing ACAOS vessels, as large registry data have shown that the initial course of ACAOS vessels may not be accurately identified by ICA in up to 40% of cases. 32 Supporting the challenges of diagnosing ACAOS with invasive angiography, in our study 44% of patients had prior invasive angiography and were referred for CTA to provide a more detailed characterization of ACAOS vessels.
Coronary CTA imaging of ACAOS features
ACAOS outcomes and the impact of revascularization
To date, several large surgical studies have reported on patient outcomes following ARCA/ALCA revascularization, demonstrating an improvement in symptoms 33 -35 and exercise without limitations in a majority of cases post-operatively. 34, 36 However, few studies with limited follow-up have examined the relationship of CTA-identified ACAOS features with patient outcomes. In a study by Opolski et al., 72 patients with ACAOS on CTA were retrospectively examined for ACAOS features and patient outcomes. 18 During 15-month follow-up, only 2 patients out of 24
with an interarterial course (1 ARCA, 1 ALCA) underwent revascularization. In the remaining 70 ACAOS patients (97%) without revascularization, the authors reported symptom improvement in 73%, with 27% of patients experiencing new or worsening symptoms on follow-up. By comparison, in our study, 14/43 patients (33%) with an interarterial course underwent ACAOS revascularization, and none reported CV symptoms during a mean of 5 years following surgery. While a majority of autopsy and surgical series appropriately focus on young patients with ACAOS, our cohort is predominantly older (mean age 52 years) reflecting the population typically referred for CTA. Though sudden death risk attributed to ACAOS appears greatest in patients aged ,30 years with an interarterial course, 6, 37 we found that symptoms in ACAOS patients may present in older age groups. The mean age of symptomatic patients without obstructive CAD was 48 years (range: 36-61 years), including 7 ARCA patients with ischaemia, and 2 ARCA patients with aborted SCD at 36 and 41 years of age. Currently, our understanding of the mechanisms and incidence of ischaemia in ACAOS patients remains limited. In a recent study by Brothers et al., investigators examined the results of ischaemic testing among 16 young patients (median age 12 years) during 15-month follow-up after ARCA revascularization. 3 In that study, 9 patients were categorized as having a positive ischaemic test following ARCA revascularization. Importantly, the authors used a broad definition for a 'positive ischaemia test' that included a blunted blood pressure response to exercise (n ¼ 2/9) and fixed defects on stress imaging with no reversible ischaemia (n ¼ 2/9). By comparison, earlier small studies demonstrated no evidence of ischaemia after revascularization for ARCA. 38, 39 Despite a current Class I indication to revascularize patients with ALCA and ARCA with documented ischaemia, 1 controversy remains in the ideal management of these complex patients. Consequently, future studies are needed to understand the potential for revascularization to improve ischaemia and outcomes in ALCA/ARCA patients.
Limitations
This is a retrospective analysis, where treatment decisions may result from a combination of factors, including CTA findings, patient symptoms, ancillary cardiac testing, patient preferences, and provider experience. Consequently, the incidence of ACAOS revascularization in our study should not be interpreted as synonymous with the need for revascularization based on CTA features. Nevertheless, the association between CTA-identified ACAOS findings and revascularization is important, as it may inform future studies incorporating features that may increase the risk of adverse outcomes. Given the expected low absolute risk of adverse cardiac events attributed to ACAOS, similar to all prior studies in this area, our study was underpowered to examine the impact of individual CTA-identified ACAOS features on CV death and MI.
Reflecting the significant rarity of interarterial ALCA cases in clinical practice, our study focuses primarily on patients with an interarterial ARCA-a subset of ACAOS with the greatest equipoise in their management. 1 Finally, our cohort has an inherent selection bias of CTA patients referred to two tertiary care centres with expertise in the management of ACAOS patients. Consequently, the observed prevalence of ACAOS on cardiac testing does not reflect the prevalence of ACAOS in the general population. However, our patients represent a population typically referred for CTA to evaluate symptoms concerning for ischaemic heart disease, and patients specifically referred for detailed CTA examination of previously known ACAOS vessels. Thus, our findings are highly applicable to current practice and consistent with the appropriate use of CTA 40 and recommendations for imaging ACAOS vessels. 1 
Conclusion
In summary, our findings support the use of CTA to provide comprehensive anatomical assessment of ACAOS vessels that, when combined with clinical data, may be used to individualize treatment decisions for these complex patients.
Supplementary material
Supplementary material is available at European Journal of Echocardiography online.
